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 Abstract 40 
Plants respond locally and systemically to herbivore attack. Most of the research conducted on plant-41 
herbivore relationships at elemental and molecular levels have focused on the elemental composition 42 
or/and certain molecular compounds or specific families of defensive metabolites showing that 43 
herbivores tend to select plant individuals or species with higher nutrient concentrations and to avoid 44 
those with higher levels of defensive compounds. We performed stoichiometric and metabolomics, local 45 
and systemic, analyses in two subspecies of Pinus sylvestris under the attack by the caterpillars of the 46 
pine processionary moth, an important pest in the Mediterranean Basin.  Both pine subspecies 47 
responded locally to folivory mainly by increasing the relative concentrations of terpenes and some 48 
phenolics. Systemic responses differed between subspecies and most of the metabolites presented 49 
intermediate concentrations between those of the affected parts and unattacked trees. Our results 50 
support the hypothesis that foliar nutrient concentrations are not a key factor of an alleged plant 51 
selection by adult female processionary moths for oviposition since folivory was not associated with any 52 
of the elements analyzed. Phenolic compounds did not generally increase in the attacked trees 53 
questioning thus their commonly proposed induction by folivory attack and their anti-feeding 54 
properties. Herbivory attack produced a general systemic shift in pines, including both primary and 55 
secondary metabolisms, that was less intense and chemically different from the local responses. Local 56 











 Introduction 68 
Carbon (C) to nitrogen (N) and C to phosphorus (P) biomass ratios are lower in herbivores than in plants 69 
(Fagan et al. 2002). Foliar nutrient concentration has been widely reported in recent decades as an 70 
important factor in the selection of foliage by insect herbivores, who usually choose plants with the 71 
highest nutrient concentrations for maintaining their internal C:N:P stoichiometric homeostasis (Elser et 72 
al. 2000; Sterner & Elser 2002; Ngai & Jefferies 2004; Cosme et al. 2011; Sardans et al. 2012) and for 73 
ensuring larval survival (Hódar et al. 2002). The location of oviposition is crucial for most herbivorous 74 
insects to ensure larval survival. However, the role of elemental composition on host selection by 75 
herbivores remains unclear (Rivas-Ubach et al. 2014; Jactel et al. 2015); other chemical and physical 76 
barriers could play even more significant roles (Tremmel & Müller 2013; Onodera et al. 2014). Onodera 77 
et al. (2014) reported that insects selected organs of a plant species with less defensive compounds than 78 
with higher nutrient concentrations, thus demonstrating the importance of defensive metabolites in 79 
host selection by herbivores. Plants have developed a wide array of resistance mechanisms against 80 
herbivores (Hanley et al. 2007; Heil 2009). Secondary plant metabolic compounds are examples of 81 
defensive compounds (Herms & Mattson 1992; Kessler & Baldwin 2001) and can be constitutive or 82 
induced by a specific stressor. Herbivorous attack induces the synthesis of defensive compounds at a 83 
local level but also at a systemic level (Karban & Baldwin 1997; Sticher et al. 1997; Heil & Bueno 2007; 84 
Heil 2009) through induced internal plant signaling (Howe & Jander 2008; Wu & Baldwin 2009) and the 85 
production of reactive oxygen species (ROS) (Orozco-Cardenas & Ryan 1999; Wu & Baldwin 2010). 86 
Studies of plant-induced chemical responses to herbivorous attack have generally focused on a 87 
single compound or families of metabolites (Sardans et al. 2011). The role of volatile organic 88 
compounds, such as terpenes, in plant defense has been extensively discussed and reviewed in recent 89 
decades (Kessler & Baldwin 2001; Mumm & Hilker 2006; Gershenzon & Dudareva 2007; Peñuelas & 90 
Staudt 2010). Low foliar terpene concentrations are often directly correlated with higher rates of 91 
 herbivorous attack, thus showing their role in constitutive defenses (Kessler & Baldwin 2001; Hódar et 92 
al. 2004; Achotegui-Castells et al. 2013). Terpene synthesis, though, can also be induced by herbivorous 93 
attack (Pare & Tumlinson 1997; Achotegui-Castells et al. 2013; Irmisch et al. 2014). Phenolics, a diverse 94 
group of plant secondary metabolites, are commonly considered one of the most important groups of 95 
defensive molecular compounds against folivores (Bennett & Wallsgrove 1994), but evidence of their 96 
defensive role in conifers is still very limited and unclear (Mumm & Hilker 2006; Hódar et al. 2015).  97 
The metabolome is the complete set of metabolites present in an organism at a given time and is 98 
considered as the chemical phenotype of an organism (Fiehn 2002). Such metabolites include sugars, 99 
amino acids and nucleotides from primary metabolism and terpenes and phenolics from secondary 100 
metabolism. The metabolome thus represents a large variety of complex physiological processes for 101 
maintaining homeostasis and function under diverse environmental conditions. The initial functional 102 
response of an organism to biotic and abiotic stressors produces shifts in metabolomes (Peñuelas & 103 
Sardans 2009). The most recently developed metabolomic techniques in the fields of plant physiology 104 
and ecology (ecometabolomics) has not only allowed the differentiation of species-specific 105 
metabolomes (Deborde & Jacob 2014) or of specific metabolomes under different environmental 106 
situations (Robertson 2005; Bundy et al. 2009; Sardans et al. 2011; Macedo 2012; Rivas-Ubach et al. 107 
2012; Fester 2015) but has also allowed the understanding of intraspecific metabolic differences 108 
between organs (Gargallo-Garriga et al. 2014). Herbivores both increase the production of defensive 109 
chemical compounds and induce a general shift of the metabolomes of the host plant (Peñuelas & 110 
Sardans 2009; Leiss et al. 2009; Rivas-Ubach et al. 2014). Sardans et al. 2014 recently reported a 111 
systemic shift of Quercus ilex foliar metabolomes after a few hours of simulated wounding. The 112 
suitability and sensitivity of ecometabolomics for detecting local and systemic metabolomic shifts in 113 
plants under field conditions, however, are not well known but could provide an overview and 114 
 understanding of how individual plants cope with herbivorous attack both locally and systemically, 115 
taking into account the simultaneous primary and secondary metabolisms. 116 
The caterpillar of the pine processionary moth Thaumetopoea pityocampa (Denis and 117 
Schiffermüller) (hereafter PPM) is an important defoliating pest of pines in the Mediterranean region. 118 
PPM caterpillars feed on several pine and other coniferous species (Battisti 1988; Hódar et al. 2003). The 119 
caterpillars develop through various stages from the end of summer to the beginning of spring and 120 
present an intense folivore activity that peaks in winter (Battisti et al. 2005). The PPM is geographically 121 
limited mainly by low winter temperatures (Huchon & Démolin 1971). Scots pine (Pinus sylvestris) grows 122 
at high altitudes and is exposed to low temperatures and was consequently not usually a host for the 123 
PPM (Huchon & Démolin 1971; Hódar et al. 2003), but several recent studies have shown that the global 124 
increase in temperatures have allowed a geographic and demographic expansion of the PPM, which is 125 
thus now able to access Scots pine and other pine species naturally occurring at higher altitudes (Benigni 126 
& Battisti 1999; Hódar et al. 2003; Battisti et al. 2005, 2006). Sierra Nevada Natural Park (alongside 127 
Sierra de Baza Natural Park) in Spain is the southernmost limit of distribution of Scots pine in Western 128 
Europe (Boratynski 1991). Two sympatric subspecies of P. sylvestris, P. sylvestris subsp. nevadensis 129 
(hereafter nevadensis) and P. sylvestris subsp. iberica (hereafter iberica), are currently seriously affected 130 
by the PPM (Hodar et al. 2002) to the point that PPM caterpillars constitute a serious problem for the 131 
conservation of pine populations in Sierra Nevada, especially nevadensis (Blanca et al. 1998). The rising 132 
temperatures (IPCC 2013) threaten these pines indirectly by favoring the climatic conditions for the 133 
expansion and activity of the PPM. 134 
The present study is an initial exploration of the local and systemic shifts in elemental 135 
concentrations and metabolomes induced by PPM attack in two wild pine subspecies coexisting in the 136 
same environment. This analysis allows understanding which metabolic pathways are altered as a 137 
consequence of herbivorous attack. Moreover, the elemental analyses shed light on the the still unclear 138 
 role of foliar elemental concentrations and C:N:P:K ratios in host selection by herbivores. We sampled 139 
needles of both subspecies of Scots pine (nevadensis and iberica) in winter, when PPM folivorous 140 
activity is highest, in Sierra Nevada Natural Park where pine populations are now naturally exposed to 141 
PPM attack. The foliar elemental compositions and untargeted metabolomes were analyzed in non-142 
attacked trees, in the attacked branches of attacked trees and in the non-attacked branches of attacked 143 
trees of both subspecies.  144 
 145 
Material and Methods 146 
Study site 147 
Samples were collected in March 2011 (late winter) on Collado de Matasverdes in Sierra Nevada 148 
National Park (Granada, SE Spain) (37.05°N, 3.27°W; 1900 m a.s.l.), one of the sites where nevadensis 149 
coexists with iberica (Robledo-Arnuncio et al. 2009). The climate is Mediterranean, with hot summers, 150 
cold winters and usually a severe summer drought. The mean annual temperature is 9.8 °C, and the 151 
mean annual precipitation is 945 mm. January is the coldest month, with a mean minimum temperature 152 
of -0.1 °C, and July is the warmest, with a mean maximum temperature of 30.1 °C. Rainfall is 153 
concentrated mainly in autumn and spring. See Achotegui-Castells et al. (2013) for more details. 154 
 155 
Experimental design and sampling of needles 156 
Twenty-four adult iberica and nevadensis trees, >45 years old and >5 m in height, were randomly 157 
selected as study cases (total n = 48), 12 with no signs of caterpillar attack and 12 with caterpillars in the 158 
canopy, easily located by their winter tents (2-4 per tree). A small branch exposed to the sun was 159 
removed from the not-attacked trees, from the not-attacked area of the attacked trees and from the 160 
attacked area of the attacked trees with a pole (see Fig. S1). The needles of not-attacked trees thus 161 
 served as controls (hereafter; Control-Ns), the not-attacked needles of the attacked trees and the 162 
attacked needles of the attacked trees were used for determining the systemic and local responses to 163 
folivory (hereafter; Systemic-Ns and Local-Ns respectively), referred to as folivory levels (FLs) throughout 164 
this article. We acknowledge that metabolomes of plants can shift due environment conditions, for this 165 
reason, in order to get robust comparative metabolomic data, needle samples were collected in a 166 
narrow window of time (from 10:30 to 14:30 local time) under sunny, non-windy and with insignificant 167 
temperature variation. A bunch of the youngest well-developed needles (over 100) from each sampled 168 
branch were collected, packed in plastic bags and quickly frozen and stored in liquid nitrogen. It took 169 
often less than 1 minute from branch sampling until needle freezing. 170 
Our selection of trees in the wild was based on the presence/absence of natural defoliation, so the 171 
pines were not assigned to the different levels of this factor completely randomly. However, this 172 
problem should not affect the reliability of our results. While many studies analyzed between-species 173 
host selection by PPM, none of them established a clear pattern of individual tree selection within 174 
species based on nutritional and/or chemical cues yet (see Jactel et al. 2015 for a recent review). Rather, 175 
it is usually admitted that moths in monospecific stands, as in our case, base their selection on  visual 176 
cues to focus on isolated or taller trees that are more likely to provide optimal microclimatic conditions 177 
(high solar radiation) for egg survival and successful development of larvae, rather than on chemical 178 
differences between individuals (Jactel et al. 2015). The assignment of attacked/unattacked levels by 179 
female moths when ovipositing can thus be reliably considered as a random selection of the prior 180 
chemistry of the trees. 181 
 182 
Foliar processing for elemental and metabolomic analyses 183 
The foliar processing is described in detail in Rivas-Ubach et al. (2013). Briefly, pine needles frozen in 184 
liquid nitrogen were lyophilized and stored in plastic cans at -20 °C. The samples were ground with a ball 185 
 mill at 1600 rpm for 8 min (Mikrodismembrator-U, B. Braun Biotech International, Melsungen, 186 
Germany). The fine homogeneous powder produced was stored at -80 °C until the extraction of the 187 
metabolites for analyses by liquid chromatography-mass spectrometry (LC-MS).  188 
 189 
Elemental analysis 190 
C and N concentrations were determined for 1.4 mg of sample powder by elemental analysis using 191 
combustion coupled to gas chromatography with a CHNS-O Elemental Analyser (EuroVector, Milan, 192 
Italy). P and K were extracted by acid digestion in a MARSXpress microwave reaction system (CEM, 193 
Mattheus, USA) under high temperature and pressure (Sardans et al. 2010). Briefly, 250 mg of sample 194 
powder were placed in a Teflon tube with 5 mL of nitric acid and 2 mL of H2O2. The digested material 195 
was transferred to 50-mL flasks and resuspended in Milli-Q water to a final volume of 50 mL. After 196 
digestion, the P and K concentrations were determined by ICP-OES (Optic Emission Spectrometry with 197 
Inductively Coupled Plasma) (Perkin-Elmer Corporation, Norwalk, USA). See Elemental Analyses section 198 
of the supporting information for more details. 199 
 200 
Extraction of metabolites for LC-MS analysis 201 
Polar and semi-polar metabolites were extracted as described by t’Kindt et al. (2008) with some 202 
modifications. Briefly, two sets of 2-mL centrifuge tubes were labeled: set A for the metabolite 203 
extractions and set B for the extracts from set A. One hundred milligrams of needle powder for each 204 
sample were weighed into each tube of set A, and 1 mL of extractant (MeOH/H2O (80:20)) was added. 205 
All tubes were vortexed for 15 min, sonicated for 5 min at 24 °C and then centrifuged at 23 000 × g for 5 206 
min. After centrifugation, 0.6 mL of the supernatant from each tube of set A was transferred to the 207 
corresponding 2-mL centrifuge tube of set B. This procedure was repeated to perform two extractions of 208 
 each sample. The tubes of set B were centrifuged at 23 000 × g for 5 min, and the extracts were collected 209 
by crystal syringes, filtered through 0.22-µm microfilters and transferred to a labeled set of high 210 
performance liquid chromatography (HPLC) vials. Extracts were stored at -80 °C until the LC-MS analysis. 211 
 212 
LC-MS analysis 213 
Liquid chromatography was performed with a reversed-phase C18 Hypersil gold column (150 × 2.1 mm, 214 
3 µm particle size; Thermo Scientific (150 × 2.1 mm, 3µ particle size; Thermo Scientific,  Waltham, 215 
Massachusetts, USA) and a Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific/Dionex RSLC, 216 
Dionex, Waltham, USA) at a constant temperature of 30 °C and a flow rate of 0.3 mL min-1. Five 217 
microliters of each sample were injected. We used water (0.1% acetic acid) (A) and acetonitrile (B) as 218 
mobile phases. Both A and B were previously filtered and degassed for 10 min in an ultrasonic bath. The 219 
elution gradient was initiated at 90% A  (10% B) and held for 5 min, then the solvent was linearly 220 
changed from 90% A (10% B) to 10% A (90% B) from 5 to 25 minutes. The gradient then returned linearly 221 
to the starting conditions from 25 to 30 minutes. The gradient was then held at these conditions for 5 222 
minutes to re-equilibrate the chromatographic system prior to the analysis of the next sample.  223 
HPLC was coupled to an LTQ Orbitrap XL high-resolution mass spectrometer (Thermo Fisher 224 
Scientific, Waltham, USA) equipped with an HESI II (heated electrospray ionization) source for mass 225 
spectrometric analyses. All samples were injected twice, once with the HESI operating in positive 226 
ionization mode (+H) and once in negative ionization mode (-H). The mass spectrometer was operated in 227 
FTMS (Fourier Transform Mass Spectrometry) full-scan mode with high-mass resolution (60 000) and a 228 
mass range of 50-1000 m/z. For both ionization modes, capillary temperature was set at 275 ᵒC, sheath 229 
and auxiliary gas flow rates were operated at 35 and 5 respectively (arbitrary units). Heater temperature 230 
was 250ᵒC for +H and 150ᵒC for -H. Capillary voltage operated at 4 and 10 V for +H and –H respectively.  231 
Tube lens operated at 100 and -125 V for +H and –H ionization modes respectively. A caffeine standard 232 
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 was injected every 10 samples to monitor the resolution and sensitivity of the spectrometer. The 233 
resolution was further monitored with lock masses (phthalates). Blank samples were also analyzed 234 
during the sequence. Auto sampler temperature was set at 4ºC. See LC-MS analyses section of the 235 
supporting information for more details. 236 
 237 
Processing of LC-MS chromatograms 238 
The raw data files obtained from the spectrometer were processed with MZmine 2.17 (Pluskal et al. 239 
2010). The chromatograms of the positive and negative modes were always treated separately. All 240 
chromatograms were first baseline corrected and posteriorly ion chromatogram lists were extracted. 241 
Those ions chromatogram were thus deconvoluted, retention time normalized, aligned and 242 
automatically assigned (see Table S1 for parameter details). Metabolite assignation is putative since it 243 
was based on total exact mass of the metabolite, exact mass of the fragments and retention time using 244 
the measurements of standards in the LC-MS Orbitrap system (See table S2 for assigned metabolites). 245 
However, high resolution and RT allow reducing the number of false positives considerably. The 246 
numerical data sets were then exported to CSV format and posteriorly filtered. Due chromatogram 247 
builder and deconvolution, diverse ions with the same mass may present slightly different retention 248 
times among them, for this reason all those identified variables assigned to a same molecular compound 249 
were summed to obtain only one variable per metabolite. With the used chromatographic method, 250 
certain groups of carbohydrates with the same molecular mass co-elute at the same retention time 251 
making thus impossible to differentiate them at MS1, for this reason, different carbohydrates were 252 
classified in groups according their mass and retention time (Hexoses: glucose, fructose, mannose and 253 
galactose, Pentoses: arabinose, ribose and xylose, Disaccharides: Saccharose and maltose, Group of 254 
sugars 1 (S1): deoxi-gucose, deoxi-galactose and D-fucose, Group of Sugars 2 (S2): sorbitol and mannitol, 255 
and Group of sugars 3 (S3): xylitol and arabitol). Outliers and variables present in fewer than 8 256 
 individuals were removed from the data set. Outlier variables were defined as measurements 3-fold 257 
higher than the 3rd quartile or 3-fold lower than the 1st quartile of each cell factor. The numerical values 258 
of the variables of the data sets correspond to the absolute peak areas of the chromatograms detected 259 
by the spectrometer. The area value of the deconvoluted chromatograms is directly proportional to the 260 
concentration of the variable, so it is a suitable value for comparative analyses as demonstrated in 261 
several metabolomics studies (Rivas-Ubach et al. 2012, 2013, 2014; Lee & Fiehn 2013; Mari et al. 2013; 262 
Leiss et al. 2013; Gargallo-Garriga et al. 2014) although it does not reflect the real concentration in 263 
terms of weight of metabolite per weight of the sample. For this reason, we use the term relative 264 
concentration when referring to differences in the amount of metabolites among the studied factors 265 
(season, subspecies and FL).  266 
 267 
Statistical analyses 268 
We first performed Shapiro and Levene’s tests on all variables to assess the normality and homogeneity 269 
of the variances, respectively. All identified metabolites were normally distributed, and any unidentified 270 
metabolomic variable that was not normally distributed was removed from the data set to comply with 271 
the assumptions of the statistical tests. After the processing and filtering of chromatograms, 43 (0.57%) 272 
unidentified variables were not normally distributed in the dataset. The main dataset of this study is 273 
composed by two categorical independent variables, subspecies (iberica and nevadensis) and FLs 274 
(Control-Ns, Systemic-Ns and Local-Ns), and 7595 dependent continuous variables, nine of which were 275 
elemental concentrations and stoichiometric variables (C, N, P, K, C:N, N:P, C:P, N:K and K:P) and 7586 of 276 
which were metabolomic variables, including 64 identified by our plant metabolite library.  277 
The whole dataset, including the assigned and non-assigned metabolomic variables, (7595 variables 278 
in total) of the P. sylvestris needles were subjected to PERMANOVA analysis using the Bray curtis 279 
distance to test the overall stoichiometric and metabolomic differences between subspecies and FLs. 280 
 The number of permutations was set at 10 000. One-way ANOVAs between subspecies and FL were also 281 
performed for each individual stoichiometric or metabolite variable. ANOVAs of known metabolites are 282 
shown in table S3 and retention time and m/z for the 200 unknown metabolomic variables (ions) 283 
presenting the largest significant differences of means between SystemicNs and Control-Ns and 284 
between Local-Ns and Control-Ns are represented in the table S4. Benjamini-Hochberg correction 285 
algorithm was applied to the entire list of one-way ANOVAs (7595) for a rigorous false positive control. A 286 
heat map with the FL means of all identified variables was constructed for each subspecies. All means of 287 
each variable for each FL were scaled to the same range of values for producing a good graphical 288 
representation of the heat maps.  289 
We counted the following for each subspecies: i) the number of metabolomic variables the Control-290 
Ns had intermediate values between those of the Systemic-Ns and Local-Ns, ii) the number of 291 
metabolomic variables the Systemic-Ns had intermediate values between those of the Control-Ns and 292 
Local-Ns and iii) the number of metabolomic variables the Local-Ns had intermediate values between 293 
those of the Control-Ns and Systemic-Ns. The data was subsequently analyzed by chi-square tests to 294 
detect if any of the FLs (Control-Ns, Systemic-Ns or Local-Ns) presented overall intermediate 295 
metabolomes between those of the other two. The expected probability under the assumption of equal 296 
probability of intermediate values for each of the three FLs should thus be 1/3 of the total studied 297 
variables.  298 
The whole datasets of each one of the subspecies, including both assigned and unassigned 299 
metabolomic variables, were subjected to principal component analysis (PCA) to identify the shifts in 300 
foliar stoichiometry and metabolome between FLs for nevadensis and iberica separately. The score 301 
coordinates of the variables of the PCAs were subjected to one-way ANOVAs to identify statistical 302 
differences among the groups (see Supporting Information Rivas-Ubach et al. 2013). 303 
 All statistical analyses were performed with R (R Core Team 2013). Benjamini-Hochberg P value 304 
corrections and Shapiro and chi-square tests were performed with the p.adjust, shapiro.test and 305 
Chisq.test functions, respectively, in the “R stats” package (R Core Team 2013). Levene’s test was 306 
performed with the leveneTest function in the “car” package (Fox & Weisberg 2011). The PERMANOVA 307 
analysis was conducted with the adonis function in the “vegan” package (Oksanen et al. 2013). Heat 308 
maps were constructed with the heatmap.2 function in the “gplots” package (Gregory 2015). The PCAs 309 
were performed by the pca function of the R “mixOmics” package (Dejean et al. 2013). The matrix data 310 
included in the PCAs was scaled by setting the parameter SCALE = T of the pca function in R. 311 
  312 
 313 
Results 314 
The PERMANOVA of the entire dataset identified significant differences in the overall stoichiometric and 315 
metabolomes among all the different levels of the studied factors (subspecies and FLs) and their 316 
interactions (Table 1).  317 
One way ANOVAs of all 73 known variables identified several significant differences (p < 0.05) after 318 
Benjamini-Hochberg correction between Control-Ns, Systemic-Ns and Local-Ns in both subspecies; 32 319 
(43.84%) for iberica and 31 (42.5%) for nevadensis (Fig. 1; Table S3). The heat map with the relative 320 
concentrations between FLs of the 73 known variables showed that Systemic-Ns of both subspecies 321 
were stoichiometrically and metabolically closer to Control-Ns than to Local-Ns (Fig. 1). Chi-square tests 322 
on the number of intermediate relative concentrations of each variable of each FL within each 323 
subspecies and season showed that Systemic-Ns had intermediate relative metabolite concentrations 324 
between those of Control-Ns and Local-Ns in 3486 of 7595 (45.9%) metabolomic variables in iberica and 325 
in 3259 of 7595 (42.9%) metabolomic variables in nevadensis, indicating that the overall intermediate 326 
 response was not a random effect (χ2 = 543.44, P < 0.0001 for iberica and χ2 = 332.58, P < 0.0001 for 327 
nevadensis) (Table 2).   328 
The PCAs of each subspecies clearly separated the FLs (Fig. 2). The first four PCs of the PCA for 329 
iberica explained a 31.7% of the total variance, 14.4% by PC1 and 7.3% by PC2 (Fig. 2). For nevadensis, 330 
the first four PCs of the PCA explained a 30.6% of the total variance, 12.3% by PC1 and 7.8% by PC2 (Fig. 331 
2). Case plot of PCAs in both subspecies represented Systemic-Ns in an intermediate position between 332 
Control-Ns and Local-NS, but closer to Control-Ns (Fig. 2A, C). 333 
The foliar stoichiometry of both subspecies did not differ among the FLs, except Control-Ns of 334 
nevadensis which had the highest K:P ratio. The Control-Ns and Systemic-Ns of both subspecies 335 
generally had higher relative foliar concentrations of amino acids. Adenine and guanine also tended to 336 
be higher in Control-Ns and Systemic-Ns of both subspecies, but adenosine was highest only in Control-337 
Ns of nevadensis. Relative concentrations of the various sugars also differed as a function of FL and 338 
subspecies, but Control-Ns and Systemic-Ns of both subspecies generally had higher relative 339 
concentrations of hexoses and Xylitol/Arabitol (the latter two categorized as group 3 sugars), and Local-340 
Ns had higher relative concentrations of disaccharides. The identified organic acids typically related with 341 
tricarboxylic acid cycle did not show major shifts among FLs of both subspecies, but especially in 342 
nevadensis which any of them changed significantly after Benjamini-Hochberg correction. Succinic acid 343 
increased significantly in Local-Ns (Figures 1 and 2). Control-Ns and Systemic-Ns of both subspecies had 344 
higher relative concentrations of most phenolics, but Local-Ns of iberica had higher relative 345 
concentrations of catechin, epicatechin, epigallocatechin and vitexin while Local-Ns of nevadensis only 346 
had higher relative concentrations of vitexin. Local-Ns also had higher relative concentrations of d-347 
tocopherol and eugenol in both subspecies. Caryophyllene and carvone (terpenes) were also at higher 348 
relative concentrations in the Local-Ns of both subspecies. Control-Ns and Systemic-Ns in both 349 
subspecies had the highest relative concentrations of growth factors such as abscisic acid.  350 
  351 
Discussion 352 
Our results show clearly that pine subspecies and folivory levels presented different metabolome 353 
structure (Table 1, Figures 1 and 2). Commonly, responses of plants to folivory have been focused on 354 
changes in concentrations of defensive compounds (Karban & Baldwin 1997; Sticher et al. 1997; Heil & 355 
Bueno 2007; Heil 2009); however, our results showed that those shifts are also produced in the whole 356 
metabolome at both local and systemic levels of the plant.  357 
Elemental composition of needles 358 
PPM caterpillars only feed in the trees they hatch. The concentrations of N, P and K in pine needles were 359 
not related with PPM oviposition since the FLs did not differ significantly in either pine subspecies 360 
(Figures 1 and 2). Some studies have reported herbivore preference for plants with higher 361 
concentrations of N (Cosme et al. 2011; Loaiza et al. 2011) or P (Cosme et al. 2011), even within the 362 
same plant species. If elemental composition of needles were a key factor for stand selection, we would 363 
expect to find differences between needles of attacked and non-attacked trees. PPM is able to feed on 364 
different species of conifers (Battisti 1988; Hódar et al. 2003) which may differ in foliar elemental 365 
concentrations, however, our study was performed in a monospecific forest with two subspecies of 366 
Scots pine. The lack of significance in our elemental and stoichiometric results could be thus mainly 367 
interpreted by two different hypotheses: 1) PPM females were not able to discriminate foliar 368 
concentrations of C, N, P and K between individuals of either subspecies for oviposition, in agreement 369 
with other studies performed with this Lepidoptera species (Hódar et al. 2002; Jactel et al. 2015). This 370 
could be due the very short reproductive life of adult female moths, often mating and ovipositing within 371 
the first 24 hours after pupal emergence (Hódar et al. 2003). 2) Although adult female moths of PPM 372 
could discern the elemental differences among individuals, other factors may play more important roles 373 
 for stand selection since there were no differences in  foliar concentrations of C, N, P and K, as other 374 
studies had also reported (Tremmel & Müller 2013; Onodera et al. 2014). However, although further 375 
research is still necessary regarding the role of elements in the plant selection by folivores, our results of 376 
wild pine populations and recent literature of PPM suggest that the concentrations of C, N, P and K are 377 
not a key factor in stand selection for female PPM moths, at least in selection of stands within the same 378 
plant-host species. 379 
 380 
Local plant responses to PPM attack 381 
Local PPM attack induced several different metabolomic responses in both subspecies (Table. 1). 382 
Phenolic compounds have usually been associated as important defensive molecular compounds in 383 
response to herbivorous attack, especially in conifers (Swain 1977; Franceschi et al. 2005). However in 384 
this study, Control-Ns and Systemic-Ns of both subspecies were the groups presenting the highest 385 
relative concentrations of most of the 18 phenolic compounds identified by our metabolomic analyses 386 
(Figures 1). Vitexin, epicatechin, catechin, luteolin, robinetin, quercetin, epigallocatechin and, myricetin 387 
are examples of phenolics that changed significantly amongst the different FLs in one or both subspecies 388 
(Figures 1). Local-Ns of both subspecies had the highest relative concentrations of vitexin and Local-Ns 389 
of iberica had also higher relative concentrations of catechin, epicatechin and epigallocatechin in Local-390 
Ns (Figures 1 and 2; Table S3). All those compounds have been described as flavonoids with strong 391 
antioxidant properties that protect lipid membranes and other cellular structures from peroxidation. 392 
They decrease the oxidative stress produced by the accumulation of cellular H2O2 and other ROS (Rice-393 
Evans et al. 1996; Kim et al. 2005) and may be directly induced by folivory (Orozco-Cardenas & Ryan 394 
1999; Wu & Baldwin 2010). The fact that most phenolics did not increase in Local-Ns suggests that these 395 
compounds are not necessarily induced by the attack of PPM and supports the premise that phenolics 396 
have multiple and diverse, even more significant, functions in plants rather than only defensive 397 
 properties against biotic stressors (Treutter 2006). In agreement with our results, some studies with 398 
lepidopteran folivores neither detected direct relationships between folivory rate and phenolic 399 
allocation (Zou & Cates 1997; Hódar et al. 2004; 2015). Other plant-herbivore studies have reviewed a 400 
wide variety of phenolic functions diverging from defensive roles (Close & McArthur 2002; Treutter 401 
2006; Rivas-Ubach et al. 2014). Our metabolomic results, though, indicated that local-Ns of both 402 
subspecies activate metabolic pathways related with oxidative stress. PMM attack induced increases in 403 
tocopherol (vitamin E) relative concentrations in needles, with the highest values in the needles of Local-404 
Ns of both subspecies (Figures 1 and 2). Tocopherols are among the most important antioxidants, 405 
protecting the stability of biomembranes from the effects of ROS (Munné-Bosch & Peñuelas 2004; Falk 406 
& Munné-Bosch 2010) by reacting with them and forming a tocopheryl radical that is then reduced by 407 
hydrogen donors (Traber & Stevens 2011). The higher concentration of tocopherols and some end-408 
product flavonoids (epicatechin, catechin, vitexin) in Local-Ns of both subspecies support the idea of 409 
antioxidant requirement of the attacked needles.  However, other end-products such as luteolin, 410 
robinetin, quercetin, and myricetin showed lowest concentrations in Local-Ns in one or both subspecies 411 
which thus questions their induction by herbivore attack and consequently, the anti-feeding role of 412 
those flavonoids (Figure 1). Even though the common association of phenolics with deterrent function 413 
against herbivores (Swain 1977; Franceschi et al. 2005), our results suggest that phenolics should not be 414 
considered only as a group of compounds with defensive properties. Further research more focused in 415 
the anti-feeding properties of phenolic is still required (Close and McArthur 2002), especially in conifers 416 
(Mumm & Hilker 2006).  417 
Metabolomic analyses also suggested certain non-phenolic compounds related to herbivore attack. 418 
Eugenol was found in higher relative concentrations in needles of Local-Ns of both subspecies (Figures 1 419 
and 2). Eugenol is a secondary metabolite described as an essential oil with toxic properties against 420 
nematodes and insects (Sangwan et al. 1990; Isman 2000) and acting as an inhibitor of acetylcholine 421 
 esterase (Maffei et al. 2011). On the other hand, Local-Ns had the highest relative concentrations of the 422 
two identified terpenes; carvone and caryophyllene (Figures 1 and 2), thus suggesting that their 423 
presence was induced by local attack. Terpenes are a varied class of organic secondary metabolites 424 
produced by diverse plants and are typically associated with direct and indirect defenses to insect attack 425 
(Peñuelas & Llusià 2001; Mumm & Hilker 2006; Gershenzon & Dudareva 2007; Achotegui-Castells et al. 426 
2013). Terpene production is a principal constitutive and induced defensive chemical mechanism, 427 
together with the production of phenolics, against insect folivory, especially in pines and other conifers 428 
(Mumm & Hilker 2006). Carvone is an oxygenated monoterpene with certain repellent and antifeedant 429 
properties in conifers against coleopterans and lepidopterans (Klepzig & Schlyter 1999; Schlyter et al. 430 
2004). Increases in caryophyllene, a volatile sesquiterpene, though, have been reported in wild plants in 431 
response to herbivorous damage (Gouinguené et al. 2001). Caryophyllene has been described to attract 432 
parasitoids or predators and thus act as indirect defensive compound in both above and belowground 433 
parts of the plant in response to the injuries of folivores (Rasmann et al. 2005; Köllner et al. 2008).  434 
Some studies have reported increases in glucose (hexose) in wounded plants (Widarto et al. 2006; 435 
Lafta & Fugate 2011; Peñuelas et al. 2013) that may be involved in the increases in the assimilation and 436 
efficiency of photosynthetic C (Seco et al. 2011; Sardans et al. 2014) and the changes in carbohydrate 437 
metabolism produced by the defensive responses against wounding (Ehness et al. 1997; Seco et al. 438 
2011). Hexoses did not increase in the needles of the Local-Ns in our study, but the relative 439 
concentrations of disaccharides were highest in Local-Ns in both subspecies (Figures 1 and 2). Ness (Ness 440 
2003) reported a stimulation of the rates of sucrose excretion in leaves damaged by folivores that 441 
attracted insect predators, indicating an indirect defensive mechanism. The attraction of other insect 442 
visitors due to the increase in disaccharides in our study could indicate an indirect defensive strategy in 443 
Scots pine, but the roles of the various sugars released under herbivorous attack still remain unclear and 444 
warrant further research. 445 
  446 
Systemic plant responses to PPM attack 447 
The heat maps (Fig. 1) and PCAs (Fig. 2) identified significant differences in several metabolites among 448 
folivory levels in both subspecies, demonstrating the general systemic response induced by PPM attack. 449 
Interestingly, chi-square tests on the number of intermediate metabolite relative concentrations in both 450 
subspecies (Table 2) indicated that Systemic-Ns tended to have intermediate metabolomes between 451 
those of Control-Ns and Local-Ns. This results is also corroborated by the dendograms of FLs in the heat-452 
map analyses (Fig. 1) and case plots of PCAs, which Systemic-Ns are represented between Control-Ns 453 
and Local-Ns (Fig. 2 ). Furthermore, Systemic-Ns in both subspecies clustered closer to Control-Ns than 454 
to Local-Ns in the case plot of the PCAs showing thus major induced metabolomic shifts in Local-Ns than 455 
in Systemic-Ns. Even so, metabolomic shifts between Systemic-Ns and Control-Ns were still significantly 456 
different (Fig. 2A, C). These results supported the premise that local PPM attack is able to trigger 457 
significant responses in Scots pine systemically by shifting a large proportion of the overall pine 458 
metabolomes (Sticher et al. 1997; Heil & Bueno 2007; Heil 2009). 459 
 Ecometabolomics has been an excellent tool for the simultaneous detection of general shifts of 460 
metabolomes induced by herbivorous attack, including primary and secondary metabolisms rather than 461 
only molecular compounds directly linked to the systemically acquired resistance (Gorlach 1996; Sticher 462 
et al. 1997; Heil & Bueno 2007; Erb et al. 2011). From the assigned metabolites, we did not detect 463 
several significant shifts of Systemic-Ns compared to Control-Ns in iberica (Table S3). An increase in the 464 
relative concentrations of flavones (Kim et al. 2005) was one clear systemic response in iberica. 465 
Although not statistically significant due its metabolomic proximity to Control-Ns, Systemic-Ns in iberica 466 
showed increases in the relative concentrations of eugenol, catechin, vitexin, epigallocatechin (Rice-467 
Evans et al. 1996), and terpenes (Rasmann et al. 2005) (Figures 1 and 2, Table S3), compounds that 468 
increased significantly in Local-Ns in iberica, supporting again the presence of a systemically acquired 469 
 resistance. The systemic response in nevadensis nevertheless differed respect to iberica and consisted of 470 
significant higher relative concentrations of choline, robinetin and flavones relative to Control-Ns 471 
(Figures 1 and 2, Table S3). Choline has proven to act as an osmolite after membrane injury (McNeil et 472 
al. 2001), and robinetin is a flavonol with strong antioxidant properties (Sroka 2005). Similarly to 473 
Systemic-Ns of iberica, Systemic-Ns of nevadensis also showed slight increases in terpenes and eugenol 474 
respect to Control-Ns although still not significant (Fig. 1). Interestingly, the relative concentrations of 475 
several amino acids were higher in the Systemic-Ns of nevadensis, such as proline, a multifunctional 476 
amino acid with important antioxidant properties (Szabados & Savouré 2010). This overall amino acid 477 
shift did not occur in Systemic-Ns of iberica (Figures 1 and 2, Table S3). 478 
 479 
Conclusions 480 
· None of the concentrations of the elements analyzed (N, P or K) differed between attacked and non-481 
attacked trees. Although, there is no evidence of within-species selection in adult female processionary 482 
moths of PPM for oviposition, our results support the hypothesis that foliar concentrations of N, P or K 483 
are probably not key components of an alleged within-species selection by PPM moths.  484 
· Each folivory level (Control-Ns, Systemic-Ns, Local-Ns) showed increases of different phenolic 485 
compounds which questions their induction produced by folivory attack and the role of phenolics as a 486 
general group with deterrent properties .  487 
· Local-Ns had higher relative concentrations of terpenes such as carvone and caryophyllene, which were 488 
likely more directly involved as a defensive function against folivores.  489 
· The non-attacked branches of the attacked trees (Systemic-Ns) had metabolomes intermediate 490 
between those of the non-attacked trees (Control-Ns) and the attacked branches of the attacked trees 491 
(Local-Ns), demonstrating an induced gradual response of metabolomes  of the entire plant (systemic 492 
plant response) front herbivore attack.  493 
 · There were more metabolomic similarities between Local-Ns of both subspecies than between 494 
Systemic-Ns.  495 
· The metabolomic techniques were sufficiently sensitive to distinguish between the local and systemic 496 
responses in both primary and secondary metabolisms of the trees, demonstrating their power as 497 




















 Acknowledgements  518 
The authors thank Karim Senhadji, Laia Mateu-Castell, Sara Férez, Ander Achotegui-Castells and Joan 519 
Llusià for their field and laboratory support. ARU appreciates the financial support of the research 520 
fellowship (JAE) from the CSIC. This research was supported by the European Research Council Synergy 521 
grant SyG-2013-610028 IMBALANCE-P , the Spanish Government projects CGL2013-48074-P and OAPN 522 
022/2008 (PROPINOL), the Catalan Government project SGR 2014-274 and the department of energy of 523 
the United States of America (Environmental Molecular Sciences Laboratori (EMSL)). MO and OU were 524 

















 References List 542 
 543 
Achotegui-Castells A., Llusia J., Hódar J.A., Peñuelas J. (2013) Needle terpene concentrations and 544 
emissions of two coexisting subspecies of Scots pine attacked by the pine processionary moth 545 
(Thaumetopoea pityocampa). Acta Physiologiae Plantarum 35:3047–3058. 546 
Battisti A. (1988) Host-plant relationships and population dynamics of the Pine Processionary Caterpillar 547 
Thaumetopoea pityocampa (Denis & Schiffermuller). Journal of Applied Entomology 105:393–402.  548 
Battisti A., Stastny M., Netherer S., Robinet C., Schopf A., Roques A., Larsson S. (2005) Expansion of 549 
geographic range in the pine processionary moth caused by increased winter temperatures. 550 
Ecological applications 15:2084–2096. 551 
Battisti A., Stastny Mi., Buffo E., Larsson S. (2006) A rapid altitudinal range expansion in the pine 552 
processionary moth produced by the 2003 climatic anomaly. Global Change Biology 12:662–671.  553 
Benigni M., Battisti A. (1999) Variazioni climatiche e processionaria del pino: adattamenti di un 554 
defoliatore a condizioni ambientali mutevoli. L’Italia Forestale e Montana 54:76–86. 555 
Bennett R.N., Wallsgrove R.M. (1994) Secondary metabolites in plant defence mechanisms. New 556 
Phytologist 127:617–633.  557 
Blanca G., Cueto M., Martínez-Lirola M.J., Molero-Mesa J. (1998) Threatened vascular flora of Sierra 558 
Nevada (Southern Spain). Biological Conservation 85:269–285.  559 
Boratynski (1991) Range of natural distribution. In: Giertich M, Mátyás C (eds) Genetics of Scots Pine. 560 
Akadémiai Kiadó, Budapest, pp 19–30. 561 
Bundy J.G., Davey M.P., Viant M.R. (2008) Environmental metabolomics: a critical review and future 562 
perspectives. Metabolomics 5:3-21. 563 
Close D.C., McArthur C. (2002) Rethinking the role of many plant phenolics - protection from 564 
photodamage not herbivores? Oikos 99:166–172.  565 
Cosme M., Stout M.J., Wurst S. (2011) Effect of arbuscular mycorrhizal fungi (Glomus intraradices) on 566 
the oviposition of rice water weevil (Lissorhoptrus oryzophilus). Mycorrhiza 21:651–8.  567 
Deborde C., Jacob D. (2014) MeRy-B, a metabolomic database and knowledge base for exploring plant 568 
primary metabolism. Methods in molecular biology (Clifton, NJ) 1083:3–16 569 
Dejean S., Gonzalez I., Le Cao K. (2013) mixOmics: Omics Data Integration Project. 570 
Ehness R., Ecker M., Godt D.E., Roitsch T. (1997) Glucose and Stress Independently Regulate Source and 571 
Sink Metabolism and Defense Mechanisms via Signal Transduction Pathways Involving Protein 572 
Phosphorylation. The Plant cell 9:1825–1841.  573 
 Elser J.J., Fagan W.F., Denno R.F., Dobberfuhl D.R., Folarin A., Huberty A., Interlandi S., Kilham S.S., 574 
McCauley E., Schulz K.L., Siemann E.H., Sterner R.W. (2000) Nutritional constraints in terrestrial 575 
and freshwater food webs. Nature 408:578–80.  576 
Erb M., Köllner T.G., Degenhardt J., Zwahlen C., Hibbard B.E., Turlings T.C.J. (2011) The role of abscisic 577 
acid and water stress in root herbivore-induced leaf resistance. The New phytologist 189:308–20.  578 
Fagan W.F., Siemann E., Mitter C., Denno R.F., Huberty A.F., Woods H.A., Elser J.J. (2002) Nitrogen in 579 
insects: implications for trophic complexity and species diversification. The American naturalist 580 
160:784–802.  581 
Falk J., Munné-Bosch S. (2010) Tocochromanol functions in plants: antioxidation and beyond. Journal of 582 
experimental botany 61:1549–66.  583 
Fester T. (2015) Plant metabolite profiles and the fuffering capacities of ecosystems. Phytochemistry 584 
110:6-12.  585 
Fiehn O. (2002) Metabolomics - the link between genotypes and phenotypes. Plant molecular biology 586 
48:155–171. 587 
Fox J., Weisberg S. (2011) An {R} Companion to Applied Regression. Thousand Oaks CA: Sage. URL: 588 
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion 589 
Franceschi V.R., Krokene P., Christiansen E., Krekling T. (2005) Anatomical and chemical defenses of 590 
conifer bark against bark beetles and other pests. The New phytologist 167:353–75.  591 
Gargallo-Garriga A., Sardans J., Pérez-Trujillo M., Rivas-Ubach A., Oravec M., Vecerova K., Urban O., 592 
Jentsch A., Kreyling J., Beierkuhnlein C. (2014) Opposite metabolic responses of shoots and roots to 593 
drought. Scientific reports 4 594 
Gershenzon J., Dudareva N. (2007) The function of terpene natural products in the natural world. Nature 595 
chemical biology 3:408–14.  596 
Görlach J. (1996) Benzothiadiazole, a Novel Class of Inducers of Systemic Acquired Resistance, Activates 597 
Gene Expression and Disease Resistance in Wheat. THE PLANT CELL ONLINE 8:629–643.  598 
Gouinguené S., Degen T., Turlings T.C.J. (2001) Variability in herbivore-induced odour emissions among 599 
maize cultivars and their wild ancestors (teosinte). Chemoecology 11:9–16.  600 
Gregory R.W., Bolker B., Bonebakker L., Gentleman R., Huber Andy Liaw W., Lumley T., Maechler M., 601 
Magnusson A., Moeller S., Schwartz M., Venables B. (2015) gplots: Various R Programming Tools 602 
for Plotting Data. R package version 2.16.0. http://CRAN.R-project.org/package=gplots 603 
Hanley M.E., Lamont B.B., Fairbanks M.M., Rafferty C.M. (2007) Plant structural traits and their role in 604 
anti-herbivore defence. Perspectives in Plant Ecology, Evolution and Systematics 8:157–178.  605 
Heil M. (2009) Damaged-self recognition in plant herbivore defence. Trends in plant science 14:356–63.  606 
Codi de camp canviat
 Heil M., Bueno J.C.S. (2007) Herbivore-induced volatiles as rapid signals in systemic plant responses: 607 
how to quickly move the information? Plant signaling & behavior 2:191–3 608 
Herms D.A., Mattson W.J. (1992) The Dilemma of Plants: To Grow or Defend. The Quarterly Review of 609 
Biology 67:283.  610 
Hódar J.A., Castro J., Zamora R. (2003) Pine processionary caterpillar Thaumetopoea pityocampa as a 611 
new threat for relict Mediterranean Scots pine forests under climatic warming. Biological 612 
Conservation 110:123–129. 613 
Hódar J.A., Torres-Muros L., Zamora R., Pérez-Luque A.J., Senhadji K. (2015) No evidence of induced 614 
defence after defoliation in three pine species against an expanding pest, the pine processionary 615 
moth. Forest Ecology and Management 356:166-172. 616 
Hódar J.A., Zamora R., Castro J. (2002) Host utilisation by moth and larval survival of pine processionary 617 
caterpillar Thaumetopoea pityocampa in relation to food quality in three Pinus species. Ecological 618 
Entomology 27:292–301.  619 
Hódar J.A., Zamora R., Castro J., Baraza E. (2004) Feast and famine: previous defoliation limiting survival 620 
of pine processionary caterpillar Thaumetopoea pityocampa in Scots pine Pinus sylvestris. Acta 621 
Oecologica 26:203–210.  622 
Howe G.A., Jander G. (2008) Plant immunity to insect herbivores. Annual review of plant biology 59:41–623 
66.  624 
Huchon H., Démolin G. (1971) La bioécologie de la processionaire du pin. Dispersion potentielle. 625 
Dispersion actuelle. Phytoma 225:11–20. 626 
IPCC (2013) Summary for Policymakers. In: Stocker TF, Qin D, Plattner G-K, Tignor M, Allen SK, Boschung 627 
J, Nauels A, Xia Y, Bex V, Midgley PM, eds. Climate Change 2013: The Physical Science Basis. 628 
Contribution of Working Group I to the Fifth Assessment Report of the ntergovernmental Panel on 629 
Climate Change. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. 630 
Irmisch S., Jiang Y., Chen F., Gershenzon J., Köllner T.G. (2014) Terpene synthases and their contribution 631 
to herbivore-induced volatile emission in western balsam poplar (Populus trichocarpa). BMC plant 632 
biology 14:270.  633 
Isman M.B. (2000) Plant essential oils for pest and disease management. Crop Protection 19:603–608.  634 
Jactel H., Barbaro L., Battisti A., Bosc A., Branco M., Brockerhoff E., Castagneyrol B., Dulaurent A., Hódar 635 
J., Jacquet J., Mateus E., Paiva M., Roques A., Samalens J., Santos H., Schlyter F. (2015) Insect – 636 
Tree Interactions in Thaumetopoea pityocampa. In: Roques A (ed) Processionary moths and 637 
climate change: an update. Springer New York, pp 265–310. 638 
KarbanR., Baldwin I.T. (1997) Induced Responses to Herbivory. The University of Chicago Press, Chicago, 639 
USA: 330pp.  640 
 Kessler A., Baldwin I.T. (2001) Defensive function of herbivore-induced plant volatile emissions in nature. 641 
Science (New York, NY) 291:2141–4.  642 
Kim J.H., Lee B.C., Kim J.H., Sim G.S., Lee D.H., Lee K.E., Yun Y.P., Pyo H.B. (2005) The isolation and 643 
antioxidative effects of vitexin from Acer palmatum. Archives of pharmacal research 28:195–202. 644 
Klepzig K.D., Schlyter F. (1999) Laboratory Evaluation of Plant-Derived Antifeedants Against the Pine 645 
Weevil Hylobius abietis (Coleoptera: Curculionidae). Journal of Economic Entomology 92:644–650.  646 
Köllner T.G., Held M., Lenk C., Hiltpold I., Turlings T.C.J., Gershenzon J., Degenhardt J. (2008). A maize 647 
(e)-β-caryophyllene synthase implicated in indirect defense responses against herbivores is not 648 
expressed in most american maize varieties. The Plant Cell 20:482-494. 649 
Lafta A.M., Fugate K.K. (2011) Metabolic profile of wound-induced changes in primary carbon 650 
metabolism in sugarbeet root. Phytochemistry 72:476–89.  651 
Lee D.Y., Fiehn O. (2013) Metabolomic response of Chlamydomonas reinhardtii to the inhibition of 652 
target of rapamycin (TOR) by rapamycin. Journal of microbiology and biotechnology 23:923–31.  653 
Leiss K.A., Choi Y.H., Abdel-Farid I.B., Verpoorte R., Klinkhamer P.G.L. (2009) NMR metabolomics of 654 
thrips (Frankliniella occidentalis) resistance in Senecio hybrids. Journal of chemical ecology 35:219–655 
29.  656 
Leiss K.A., Cristofori G., van Steenis R., Verpoorte R., Klinkhamer P.G.L. (2013) An eco-metabolomic study 657 
of host plant resistance to Western flower thrips in cultivated, biofortified and wild carrots. 658 
Phytochemistry 93:63–70.  659 
Loaiza V., Jonas J.L., Joern A. (2011) Grasshoppers (Orthoptera: Acrididae) select vegetation patches in 660 
local-scale responses to foliar nitrogen but not phosphorus in native grassland. Insect Science 661 
18:533–540.  662 
Macedo A. (2012) Abiotic Stress Responses in Plants (P. Ahmad & M.N.V. Prasad, Eds.). Springer New 663 
York, New York, NY.  664 
Maffei M.E., Gertsch J., Appendino G. (2011) Plant volatiles: production, function and pharmacology. 665 
Natural product reports 28:1359–80.  666 
Mari A., Lyon D., Fragner L., Montoro P., Piacente S., Wienkoop S., Egelhofer V., Weckwerth W. (2013) 667 
Phytochemical composition of Potentilla anserina L. analyzed by an integrative GC-MS and LC-MS 668 
metabolomics platform. Metabolomics : Official journal of the Metabolomic Society 9:599–607.  669 
McNeil S.D., Nuccio M.L., Ziemak M.J., Hanson A.D. (2001) Enhanced synthesis of choline and glycine 670 
betaine in transgenic tobacco plants that overexpress phosphoethanolamine N-methyltransferase. 671 
Proceedings of the National Academy of Sciences of the United States of America 98:10001–5.  672 
Mumm R., Hilker M. (2006) Direct and indirect chemical defence of pine against folivorous insects. 673 
Trends in plant science 11:351–8.  674 
 Munné-Bosch S., Peñuelas J. (2004) Drought-induced oxidative stress in strawberry tree (Arbutus unedo 675 
L.) growing in Mediterranean field conditions. Plant Science 166:1105–1110.  676 
Ness J.H. (2003) Contrasting exotic Solenopsis invicta and native Forelius pruinosus ants as mutualists 677 
with Catalpa bignonioides, a native plant. Ecological Entomology 28:247–251.  678 
Ngai J.T., Jefferies R.L. (2004) Nutrient limitation of plant growth and forage quality in Arctic coastal 679 
marshes. Journal of Ecology 92:1001–1010.  680 
Oksanen J., Guillaume-Blanchet F., Kindt R., Legendre P., Minchin P., O’Hara R., Simpson G., Solymos P., 681 
Stevens M., Wagner H. (2013) vegan: Community Ecology Package. 682 
Onodera H., Oguro M., Sakai S. (2014) Effects of nutrient contents and defense compounds on herbivory 683 
in reproductive organs and leaves of Iris gracilipes. Plant Ecology 215:1025–1035.  684 
Orozco-Cardenas M., Ryan C.A. (1999) Hydrogen peroxide is generated systemically in plant leaves by 685 
wounding and systemin via the octadecanoid pathway. Proceedings of the National Academy of 686 
Sciences 96:6553–6557.  687 
Pare P.W., Tumlinson J.H. (1997) De Novo Biosynthesis of Volatiles Induced by Insect Herbivory in 688 
Cotton Plants. Plant physiology 114:1161–1167.  689 
Peñuelas J., Llusià J. (2001) The Complexity of Factors Driving Volatile Organic Compound Emissions by 690 
Plants. Biologia Plantarum 44:481–487.  691 
Peñuelas J., Sardans J. (2009) Ecological metabolomics. Chemistry and Ecology 25:305–309. 692 
Peñuelas J., Sardans J., Llusia J., Silva J., Owen S.M., Bala-Ola B., Linatoc A.C., Dalimin M.N., Niinemets Ü. 693 
(2013) Foliar chemistry and standing folivory of early and late-successional species in a Bornean 694 
rainforest. Plant Ecology & Diversity 6:245–256.  695 
Peñuelas J., Staudt M. (2010) BVOCs and global change. Trends in plant science 15:133–44.  696 
Pluskal T., Castillo S., Villar-Briones A., Orešič M. (2010) MZmine 2: modular framework for processing, 697 
visualizing, and analyzing mass spectrometry-based molecular profile data. BMC bioinformatics 698 
11:395. 699 
R Core Team (2013) R: A language and environment for statistical computing. R Foundation for 700 
Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org/. 701 
Rasmann S., Köllner T.G., Degenhardt J., Hiltpold I., Toepfer S., Kuhlmann U., Gershenzon J., Turlings 702 
T.C.J. (2005) Recruitment of entomopathogenic nematodes by insect-damaged maize roots. Nature 703 
434:732–7.  704 
Rice-Evans C.A., Miller N.J., Paganga G. (1996) Structure-antioxidant activity relationships of flavonoids 705 
and phenolic acids. Free Radical Biology and Medicine 20:933–956.  706 
 Rivas-Ubach A., Gargallo-Garriga A., Sardans J., Oravec M., Mateu-Castell L., Pérez-Trujillo M., Parella T., 707 
Ogaya R., Urban O., Peñuelas J. (2014) Drought enhances folivory by shifting foliar metabolomes in 708 
Quercus ilex trees. New Phytologist 202:874–885. 709 
Rivas-Ubach A., Pérez-Trujillo M., Sardans J., Gargallo-Garriga A., Parella T., Peñuelas J. (2013) 710 
Ecometabolomics: optimized NMR-based method. Methods in Ecology and Evolution 4:464–473. 711 
Rivas-Ubach A., Sardans J., Pérez-Trujillo M., Estiarte M., Peñuelas J. (2012) Strong relationship between 712 
elemental stoichiometry and metabolome in plants. Proceedings of the National Academy of 713 
Sciences 109:4181–4186. 714 
Robertson D.G. (2005) Metabonomics in toxicology: a review. Toxicological sciences : an official journal 715 
of the Society of Toxicology 85:809–22.  716 
Robledo-Arnuncio J.J., Navascués M., González-Martínez S.C., Gil L. (2009) Estimating gametic 717 
introgression rates in a risk assessment context: a case study with Scots pine relicts. Heredity 718 
103:385–93.  719 
Sangwan N.K., Verma B.S., Verma K.K., Dhindsa K.S. (1990) Nematicidal activity of some essential plant 720 
oils. Pesticide Science 28:331–335.  721 
Sardans J., Gargallo-Garriga A., Pérez-Trujillo M., Parella T.J., Seco R., Filella I., Peñuelas J. (2014) 722 
Metabolic responses of Quercus ilex seedlings to wounding analysed with nuclear magnetic 723 
resonance profiling. Plant biology (Stuttgart, Germany) 16:395–403.  724 
Sardans J., Montes F., Peñuelas J. (2010) Determination of As, Cd, Cu, Hg and Pb in biological samples by 725 
modern electrothermal atomic absorption spectrometry. Spectrochimica Acta Part B: Atomic 726 
Spectroscopy 65:97–112. 727 
Sardans J., Peñuelas J., Rivas-Ubach A. (2011) Ecological metabolomics: overview of current 728 
developments and future challenges. Chemoecology 21:191–225. 729 
Sardans J., Rivas-Ubach A., Peñuelas J. (2012) The elemental stoichiometry of aquatic and terrestrial 730 
ecosystems and its relationships with organismic lifestyle and ecosystem structure and function: a 731 
review and perspectives. Biogeochemistry 111:1–39.  732 
Schlyter F., Smitt O., Sjödin K., Högberg H.-E., Löfqvist J. (2004) Carvone and less volatile analogues as 733 
repellent and deterrent antifeedants against the pine weevil, Hylobius abietis. Journal of Applied 734 
Entomology 128:610–619. 735 
Seco R., Filella I., Llusià J., Peñuelas J. (2011) Methanol as a signal triggering isoprenoid emissions and 736 
photosynthetic performance in Quercus ilex. Acta Physiologiae Plantarum 33:2413–2422.  737 
Sroka Z. (2005) Antioxidative and antiradical properties of plant phenolics. Zeitschrift für Naturforschung 738 
Section C - Journal of Biosciences 60:833–843. 739 
 Stark S., Julkunen-Tiitto R., Holappa E., Mikkola K., Nikula A. (2008) Concentrations of foliar quercetin in 740 
natural populations of white birch (Betula pubescens) increase with latitude. Journal of chemical 741 
ecology 34:1382–91.  742 
Sterner R., Elser J. (2002) Ecological Stoichiometry: The Biology of Elements from Molecules to the 743 
Biosphere. Princetion University Press. 744 
Sticher L., Mauch-Mani B., Métraux J.P. (1997) Systemic acquired resistance. Annual review of 745 
phytopathology 35:235–70.  746 
Swain T. (1977) Secondary compounds as protective agents. Annual Review of Plant Physiology 28:479–747 
501. 748 
Szabados L., Savouré A. (2010) Proline: a multifunctional amino acid. Trends in plant science 15:89–97. 749 
t’Kindt R., De Veylder L., Storme M., Deforce D., Van Bocxlaer J. (2008) LC-MS metabolic profiling of 750 
Arabidopsis thaliana plant leaves and cell cultures: optimization of pre-LC-MS procedure 751 
parameters. Journal of chromatography B, Analytical technologies in the biomedical and life 752 
sciences 871:37–43.  753 
Traber M.G., Stevens J.F. (2011) Vitamins C and E: beneficial effects from a mechanistic perspective. 754 
Free radical biology & medicine 51:1000–13.  755 
Tremmel M., Müller C. (2013) The consequences of alternating diet on performance and food 756 
preferences of a specialist leaf beetle. Journal of insect physiology 59:840–7.  757 
Treutter D. (2006) Significance of flavonoids in plant resistance: a review. Environmental Chemistry 758 
Letters 4:147–157.  759 
Widarto H.T., Van Der Meijden E., Lefeber A.W.M., Erkelens C., Kim H.K., Choi Y.H., Verpoorte R. (2006) 760 
Metabolomic differentiation of Brassica rapa following herbivory by different insect instars using 761 
two-dimensional nuclear magnetic resonance spectroscopy. Journal of chemical ecology 32:2417–762 
28.  763 
Wu J., Baldwin I.T. (2009) Herbivory-induced signalling in plants: perception and action. Plant, cell & 764 
environment 32:1161–74.  765 
Wu J., Baldwin I.T. (2010) New insights into plant responses to the attack from insect herbivores. Annual 766 
review of genetics 44:1–24.  767 
Zou J., Cates R.G. (1997) Effects of Terpenes and Phenolic and Flavonoid Glycosides from Douglas Fir on 768 
Western Spruce Budworm Larval Growth, Pupal Weight, and Adult Weight. Journal of Chemical 769 
Ecology 23:2313–2326.  770 
 771 
 772 
 Table 1. Full factorial PERMANOVA model with all stoichiometric and metabolomic variables: 773 
subspecies, folivory level (FL) and subspecies*FL. 774 
 775 
 
Df F.Model Pr(>F) 
Subspecies 1 10.0 <0.0001 
Folivory level (FL) 2 5.98 <0.0001 























 Table 2. Chi-square analyses comparing the expected and observed number of variables with 794 
intermediate means for each folivory level (FL), using an expected value of 33.3% of the total observed 795 
compounds. This expected value was based on the neutral supposition that each of the three levels of 796 
folivory should have the same probability of having intermediate concentrations of each variable (2530 797 
variables for each FL). The proportion of metabolites for each group with intermediate means respect to 798 
the total is represented in bold. 799 
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 Number of variables with intermediate relative concentrations    
 Observed for each folivory level Expected for each folivory level   




















(33.3%) 332.58 < 0.0001 
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